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Introduction
The connection between exam frequency and student learning has been explored by several authors in the education field. 1, 2 Since testing students has been connected with increased learning and retention of material in several ways 1 , a logical question to ask is, "How frequent is frequent enough -or too frequent?" With this thought in mind, we decided to examine the effects of changing frequency of examinations on student performance in an introductory solid mechanics course.
The first portion of this study was begun around 2015. 3 We used information from two different courses to explore this question. The first course used was an introductory solid mechanics course which covers such fundamentals as stress and strain due to different types of loading, stress transformations and loading due to combined effects. The second course in which this was examined was a follow-on to the introductory course cited above. This course was a machine component design course which focused on more advanced topics in stress analysis (curved beams, Castigliano's method) as well as application of the concepts learned to different practical situations, such as shaft design, bolted connections and welds.
The introductory Strength of Materials course made use of three different methods of testing students. The first method was perhaps the most conventional, with three midterm exams and a final examination. The midterms were weighted at approximately 20% of the course grade each, and consisted of four or five questions. Students were allowed the entire 75-minute class period for these midterm examinations. The final examination was administered over a college-standard 120-minute time period; this exam accounted for approximately 25% of the course grade. The remaining proportion of the course grade was accounted for by homework assignments.
The second method used reduced the number of high-stakes midterm examinations to two, each still accounting for 20% of the final course grade. The structure of these midterms did not change from the first method in that they were comprised of four or five questions each and were administered over a 75-minute class period. In the interest of encouraging students to remain engaged with the course material between the exams, these exams were supplemented by daily quizzes administered via clickers. The clicker quizzes focused on topics discussed during that particular class period, reflecting both the assigned reading for the day and the class discussion. The clicker quizzes were each two or three questions, mostly conceptual in nature with some simple analytic problems used on occasion. These quizzes in total comprised 20% of the grade; since there were 25 of them, each was about 0.8% of the course grade. A final examination counted for 30% of the course grade as well, with the same college-mandated structure, and the remaining 10% of the course grade was assigned to homework performance.
The final method of examinations used employed seven smaller tests administered every two weeks for the duration of the semester. Each of these exams was given a 9% weighting and consisted of two problems. These exams were allotted approximately one-half of a class period (40 minutes out of 75), and then the course material continued after a short break. The final examination, having the same composition as the other methodologies above, counted for 27% of the course grade, and homework assignments were given a 10% weight toward the final course grade.
The follow-on Machine Design course differed in a few respects. The methodology employing high-stakes examinations used two exams exclusively, never three. These exams used a 120-minute class period (the standard period for that course at the time). The method with smaller examinations used six 50-minute exams offered approximately biweekly. Neither methodology made use of a final exam, preferring instead to use a final design project requiring fabrication of a working prototype. Thus, the evaluation of outcomes for the final exam part of this course relies upon analysis present in the final project report, not in a limited exam situation.
The reasons for trying these various methods are based on student learning and retention. After several years of teaching the introductory solid mechanics course, it was found that students tended to pay more attention to the course material nearer the exams via observation and discussions with students. The overarching goal, then, was to incentivize students to keep up with the course more closely. After performing the assigned homework, students tended to turn their attention to other more pressing coursework (a rational allocation of limited student time). When time for the exams came, many students tended to cram -trying to recall and re-master about 30% of the course content in the space of a night or two. Aside from the mental strain of this process, the students also tended to stay up late into the night preparing for these exams, meaning they were tired when they took these exams.
This was due, in part, to the workload placed on students during the term when they most typically take this Strength of Materials course. This course is taken by second-semester sophomore students, along with a corequisite laboratory course and an additional 11 engineering credits. The general purpose of both of the latter course designs attempted was to give students an impetus to remain current with the course material. The method with daily quizzes asked about current and very recent material for this reason. The course setup using biweekly exams allows for students to refresh their memories on a smaller portion of the course material (about 14%, rather than 30%), and to refresh material that was introduced more recently.
The semester with the Machine Design course is currently a junior fall term, with two other engineering lecture courses, two lab courses and two general education courses for an 18-credit standard load. Again, offering more exams seemed a good idea to reward students for maintaining currency with the course material. This course had a secondary benefit in that the Machine Design course is not as linear as the Strength of Materials course. That is, the different application topics do not all build upon each other later in the term. For example, the process of shaft design is not used later as part of the design of a bolted connection. For this reason, compartmentalizing the material into smaller packets fits the course structure more readily than does offering a threequestion exam with a problems on material as disparate as shaft design, weld analysis and bolted connections.
Methodology and Assessment
The metrics we use to assess the effectiveness of the various course structures are all related to course learning outcomes. Student performance on problems on the midterm and final examinations were each mapped to the student learning outcomes for the respective courses. Further, the Strength of Materials course also used a student self-assessment survey to gauge whether students felt confident in their ability to perform the different tasks in the course.
As part of this effort, outcomes assessment was performed both on the midterms, as a metric for how students are learning the material as it was taught, and on the final examination, to gauge student retention of topics. For the Machine Design course, final examination performance is replaced with the analysis present in the final design project report, but addresses the same purpose as the final examination data from the Strength of Materials course. Note that the data throughout both courses include students who did not pass the course, and that the data are typically gathered from multiple assessment events (e.g., exam problems). As such, a student may perform poorly on one or two of these assessment events, yet perform well enough on others to still pass the course.
The learning outcomes for the Strength of Materials course are available in Table 1 ; the Machine Design course outcomes are present in Table 2 . These outcomes are left broad by design; each outcome is intended to encompass several topics within the course. For example, outcome 1 in Table 1 , since it deals with axial stress and strain, covers such areas as stress due to forces, Hooke's law, pressure vessels, and stress due to bending. Therefore, each outcome may be assessed several times throughout a semester. The Machine Design course has other outcomes which are omitted because they are not evaluated using exams, having to do with following a design, build, and test process for the project, with teamwork, and with technical communication. An ability to determine normal stresses and strains (or deformations) from a given force and/or couple loading CO2
An ability to determine shear stresses and strains (or angles of twist) from a given force and/or torque loading CO3 An ability to solve statically indeterminate problems using internal loading CO4 An ability to determine location and/or magnitude of maximum shear and normal stresses on a component under arbitrary loading via superposition and/or Mohr's Circle CO5
An ability to determine deflection in a beam structure from a given loading Table 2 -Partial student learning outcomes for Machine Design course
The ability to calculate basic mechanical design parameters including: stresses due to combined loading, failure theory with factor of safety, deflection analysis, buckling, impact loading, and fatigue analysis CO2
The ability to apply basic mechanical design principles to machines including: structural design, shaft design, gear design These course outcomes were consistent among the several offerings of the courses discussed in this paper. Additionally, no changes were made to the course textbooks over the different exam structures. As much as practical, the changes made to these courses between their yearly offerings were the number of midterm examinations and/or assessment via quizzes.
The framework used for assessing these outcomes is a modified version of the Faculty Course Assessment Report (FCAR) method employed by several colleges and universities. 4 The most substantial modification made in using the FCAR method in the Mechanical Engineering program at York College of Pennsylvania is to use an EMB vector instead of an EAMU vector. That is, instead of classifying student work as "Excellent", "Adequate", "Minimal" or "Unsatisfactory" (an EAMU vector) as with the FCAR method as originally presented, we classify work as "Exceeds Expectations", "Meets Expectations" or "Below Expectations" (an EMB vector). There is not a direct mapping between an EAMU vector and an EMB vector. The scale for assessing whether work exceeds, meets, or is below expectations changes minimally between assessment items. A typical scale would place the minimal mark for exceeds expectations at 90% score on the problem or work, meets expectations at 70% or more for the work, and below expectations at a performance level below 70%. For a more difficult problem, work scoring 85-87% may be deemed as meeting expectations; conversely, for a simpler problem, the meets expectations level may be set at a 75% score. Since the mechanical engineering program at York College of Pennsylvania requires students to achieve a grade of "C" or better in each individual course, the level which defines meets expectations was not placed lower than a 70% score. Table 3 presents EMB vectors for the various outcomes of the Strength of Materials course, aggregated across all of the midterm exams for each offering. These data are intended to capture the degree to which students can demonstrate knowledge of new concepts of the course as the class progresses. These data are presented as a percentage of the overall assessment events. (Note that the totals in each box may not add to 100% due to rounding.) These data include results from students who did not pass the course. The data show that the students do not perform as well for three of the five outcomes when seven midterms are offered instead of three or two. The best across-the-board performance appears to be when three midterms are offered, followed by seven midterms and then two. Certain outcomes also appear to be the most difficult no matter which method of examination is employed -the statically indeterminate system outcome is the poorest of the five under all methods.
In an effort to look for retention of information at the end of the term, we looked at results of the final examination and student self-assessment surveys. Results from the final exam are shown in Table 4 ; those from the student survey follow in Table 5 . The data from final examinations in Table 4 seem to indicate that students performed about equally no matter which method was employed. Students performed better on some outcomes than others for each course structure. This may be in response to perceived poor performance on problems from the midterm exams. It does seem that the two-midterm structure is weaker in terms of the sum of E and M percentages than the remaining methods for three of the five outcomes. These results are responses given by students on a Lickert scale. Students are asked questions such as "I feel confident in my ability to evaluate stress due to axial force loading", and are able to respond with "Strongly Agree", "Agree", "Disagree" or "Strongly Disagree". Responses of "Strongly Disagree" and "Disagree" were considered below expectations; the responses of "Agree" comprise the part that meets expectations, and "Strongly Agree" responses were deemed to exceed expectations. Student self-perception of ability seems to be the best via the 7-midterm method, but the 3-midterm structure had similar results.
Lastly, student performance on the final exam proper can be compared. These final exams are similar in nature from year to year, and all occur during the standard York College of Pennsylvania final exam period. This period allows for a 120 minute block for the final exam. For this reason, the final exams are similar in scope and in number of problems. The final exam mean grades, median grades and student passing rates are summarized below. While the median scores are similar, it is clear that the method using two midterms and clicker quizzes led to the weakest mean exam performance and a significantly lower course passing rate. The mean and median scores on the examination, as well as the overall course passing rate, are the strongest for seven examinations. Certainly, the difference in final exam mean score between the three and seven midterm structures is less significant than the comparison of either structure to two midterms. This particular measurement seems to introduce a larger difference than the earlier comparison using course outcomes ( Table 4 ). The reason for this is, to large extent, the coarseness of the metric in Table 4 . The EMB vectors used for Table 4 do not differentiate between a student scoring (say) 65% on a problem and one scoring 50% on the same problem. The final exam score, as in Table 6 , will differentiate between the hypothetical students above.
We continue by examining performance in the follow-on Machine Design course. Data comparing student performance under the two structures used on midterm exams are presented in Table 7 . The data show a contradictory result. While the percentage of students showing excellent performance increased with more midterms, so did the percentage of students who were below expectations on these outcomes. Overall, it seems that performance was better with two midterms rather than six, in terms of the sum of students who exceeded expectations plus those who met expectations.
For this course, the retention and application of the material examined on these midterms is gauged via student performance on the final design project. This project requires a written report detailing the design process and analysis of the final chosen prototype. Thus, students must apply knowledge examined on the midterms, such as failure theories and fatigue analysis, in order to properly show that their designs will perform adequately. Data for student performance on the final design project are given in Table 8 . The result here is decidedly mixed. While students performed better on the first outcome, dealing with basic calculations of design parameters, when they had two midterms as opposed to six, the students did a better job of applying the principles to their projects when they had more midterms. This may be a result of having seen more application problems over the course of the semester, simply by having to solve more problems in an exam setting.
Lastly, we summarize the passing rates for the course using the two different midterm structures in Table 9 . Final exam grades are not applicable here, because the final grade for the project depends upon the report in addition to the functionality of the prototype and an oral presentation.
Since there are more components to that grade which span the other three student outcomes for the course, a comparison of final project grades is not appropriate. We see little difference between the passing rates in these two course structures. The higher passing rates in this course than in its prerequisite examined earlier is also expected. The second course is junior-level, and students who have been successful in the earlier sophomore-level course have typically developed better study and time management habits.
Discussion of Results
The result of Table 3 is somewhat counterintuitive -testing material more frequently sometimes led to poorer demonstration of student learning outcomes. Given exams with fewer topics to study, students seemed to perform worse. However, part of this may be due to the quick turnaround of the seven-exam method. Students typically had two weekly homework assignments that corresponded to the material on each of the seven midterms. Students were therefore being tested on material for which there was a two-day gap (from Tuesday to Thursday) between turning in a homework assignment and the administration of the midterm. This would require either rapid studying or a different form of studying that that to which students are accustomed. That is, this frequent testing method required students to internalize and retain material quickly, rather than allowing a more gradual understanding.
The results from the final examinations seem to reflect students attempting to make up for areas in which they were deficient. Improvement is typically strongest in the weakest outcomes -see, for example, CO3 for the three midterm and seven midterm approaches in the Strength of Materials course. This improvement also seems to come at the sacrifice of other performances, such as that on CO2 for the three midterm structure. This reflects some of the thinking in the literature regarding frequent testing. One of the advantages to testing is that it exposes gaps in student knowledge. 1 In light of this point, it is reasonable to expect such improvement on course outcomes that exhibit a poorer performance on the midterm examinations.
Students' self-assessment of their learning seems to be the most favorable when they have had more frequent examinations as well. This ties into the effect noted in the prior paragraph, as well as others noted in the literature. 1 Students have received feedback on multiple instances regarding each of the course outcomes. As such, they seem to be more aware of what they have learned as a result of the course.
Lastly, it seems from Table 6 that final exam scores themselves are improved somewhat when the number of examinations is increased. The effect is seen most significantly when the step is made from two examinations to three, and then improves further when the number of exams is increased to seven in the sophomore-level course.
The junior-level course saw an increase in both excellent and poor performances on both the midterm exam and on one of the outcomes for the final project report. It does seem that the students' ability to apply the knowledge learned to a real system is improved, but details of the calculations themselves (the difference between the two course outcomes listed) are not improved by examining more frequently.
These points are made in a rather general sense. For the most part, what we see is that there is very little difference in the actual knowledge shown by students as they exit the course. Students seem to have a stronger sense of having learned more when they are examined more frequently. Empirically, however, it seems students have about the same level of learning in the Strength of Materials course and have a more widely distributed level of learning in the Machine Design course. Consequently, the worst that can be stated is that giving more frequent examinations does no harm to the students, and may benefit certain students, as seen by the higher passing rate with seven Strength of Materials exams than with two or three.
While the discussion here has focused on the perspective of the student, there are actually several benefits of frequent testing from the perspective of the instructor which argue in favor of more examinations. Due to the constraints on time imposed by the course schedule for either course, midterm exams were limited to a class period. This allowed about four questions per midterm examination -or a total of twelve questions on three midterms, or eight questions on two midterms. By contrast, even though the structure using six or seven midterms were only allotted half of the class time each, these midterms all consisted of two problems. Thus, fourteen problems were asked on the seven midterms and twelve problems on the six midterms. Overall, then, there were more opportunities to ask students to demonstrate their abilities, by as much as 50 percent for the Machine Design course.
Further, administering six or seven midterms allowed for a smaller block of material to be covered on each examination. This was intended as a benefit for the students in the course, reducing the knowledge base over which they needed to study. Even so, there is also a benefit to the instructor -with less material on each examination, the questions themselves can be more targeted to a specific course outcome. Thus, mapping student responses to exam problems over to learning outcomes for the course becomes an easier task. Furthermore, the instructor is able to respond to gaps in knowledge exposed by early examinations and may plan to test outcomes with a weaker performance more frequently. The instructor is also able to reallocate class time, if necessary, in response to weaker performances seen on course outcomes. With only two or three midterm examinations, it is difficult to revisit an earlier concept that students on which students may not have performed well until the final examination.
Conclusions
This paper has discussed three different structures for an introductory solid mechanics course and its postrequisite course, each employing a different number of midterm examinations. The performance on exam problems was mapped to the learning outcomes for the course, and then these results were formed into an EMB vector, using a modified FCAR system. Overall, student performance was found to be somewhat worse on midterm exams when more exams were given. This may have been due to the relatively short turnaround time between learning material and demonstrating its use on an exam problem, or due to the ability of the instructor to target questions more specifically to course outcomes when more exams are given, allowing weaknesses to be exposed more directly. Nevertheless, students showed improvement leading to the final exam, performing as well as or better after having had six or seven midterms as when they had two or three. Further, student self-perception of learning was improved when more midterm exams were given.
The data do not lend themselves to a simple conclusion, as the results described above are mixed. There are students who appreciate having smaller, shorter exams while there are other students who did not like being tested on material that they had learned within the past week. Further, the results between three examinations and more than three seem to be similar in terms of student performance. The data seem to support a conclusion that the method involving clicker quizzes and two midterms was least effective, but no definitive conclusion may be drawn between three midterms and seven. It can be said that no harm is being done to student understanding by having six or seven midterms rather than three, however.
The main benefit to having more examinations, then, may not be a student benefit, but rather a faculty benefit. The faculty member has the opportunity to fine-tune the course better based upon having more student performance data available. That is, if more examinations are offered, the faculty member teaching the course is able to identify and address areas of weakness, retesting on certain topics if necessary. Further, questions pulled from a smaller selection of material are able to be targeted to a specific outcome or concept, allowing students and faculty alike to focus on particular course goals in some depth. These advantages will have an effect on the student experience in the class also, making the frequent examination structures beneficial.
Future plans for these courses are, for these and other reasons, divergent. York College of Pennsylvania established a Civil Engineering program in the Fall of 2016, necessitating more significant structural changes to the Strength of Materials course and its prerequisite Statics course. Among other items, the Statics course has expanded its scope into items in the Strength of Materials course, including axial and shear stress, strain, deformation, beam deflection and buckling. As part of this restructuring, the Strength of Materials course has returned to having three midterm examinations of 75 minutes each. The Machine Design course, however, is not affected by the new program, and will continue to offer more frequent midterm examinations. The current plan for future offering of the course is to revisit the examination schedule with more intentional compartmentalization of the course material in mind. The expectation is that the course will have five midterms.
